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junctions	 (TJ)	 of	 the	 intestinal	 epithelial	 barrier	 (EB)	 of	monogastric	 animals.	 This	











After	7	hr	 incubation,	 claudin-7	mRNA	expression	was	downregulated	 in	all	 treat-
ments.	Claudin-1	mRNA	was	upregulated	after	incubation	with	2.5	nM	EGF	on	the	
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et	 al.,	 2019;	 Penner,	 Steele,	 Aschenbach,	 &	 McBride,	 2011).	
However,	it	can	become	ineffective	under	pathological	conditions,	
e.g.,	 when	 luminal	 accumulation	 of	 short-chain	 fatty	 acids	 and	
protons	challenge	key	epithelial	 functions	 (Aschenbach	&	Gabel,	
2000;	Greco	et	 al.,	 2018;	Meissner	et	 al.,	 2017).	Different	 stud-
ies	proposed	a	loss	of	barrier	integrity	and	selectivity	under	such	
circumstances	 (Liu,	 Xu,	 Liu,	 Zhu,	 &	 Mao,	 2013;	 Steele,	 AlZahal,	
Hook,	Croom,	&	McBride,	2009).	The	health	consequences	of	such	
loss	of	barrier	function	appear	directly	related	to	the	nature	and	
amount	 of	 toxins	 and	micro-organisms	 absorbed	 into	 the	 blood	
circulation	across	 the	 leaky	epithelium	 (Aschenbach	et	al.,	2019;	
Plaizier,	Krause,	Gozho,	&	McBride,	2008).
To	 develop	 strategies	 of	 avoiding	 or	 ameliorating	 a	 loss	 of	
barrier	integrity	and	selectivity,	the	present	study	aimed	at	iden-
tifying	 molecules	 that	 may	 potentially	 improve	 the	 tightness	
of	 the	 EB	 in	 ruminal	 epithelia	 (RE).	Hormones	 like	 glucagon-like	
peptide-1	(GLP-1)	and	glucagon-like	peptide-2	(GLP-2)	have	been	
shown	to	modulate	EB	of	different	epithelia	(Fukuda	et	al.,	2016;	
Yu	 et	 al.,	 2014).	 Such	 hormones	 are	 normally	 secreted	 from	en-
teroendocrine	 cells	 in	 the	 intestine	 and	 released	 into	 the	 blood	










To	 assess	 the	 effects	 of	 the	 mentioned	 GLP	 hormones	 and	
EGF	on	the	ruminal	EB,	we	chose	an	Ussing	chamber	approach	for	
the	present	 study.	 The	 great	 advantage	of	 this	 approach	 is	 that	
functional	 readouts	 of	 barrier	 integrity	 like	 tissue	 conductance	






junction	 (TJ)	 proteins,	 which	 physically	 form	 the	 EB	 (Gonzalez-
Mariscal,	Betanzos,	Nava,	&	Jaramillo,	2003).	Tight	junction	pro-
teins	with	a	proven	 role	 for	 the	 ruminal	EB	are	claudin-1,	 -4,	 -7,	
and	 occludin.	 Of	 these,	 claudin-1	 and	 claudin-4,	 together	 with	
occludin,	directly	contribute	to	the	formation	of	 the	permeation	
barrier	at	the	level	of	the	stratum granulosum;	whereas,	claudin-7	
appears	 to	 support	 the	 mechanical	 barrier	 against	 abrasion	 by	
connecting	cells	of	the	stratum corneum	(Aschenbach	et	al.,	2019;	
Stumpff	et	al.,	2011).
2  | MATERIAL S AND METHODS
2.1 | Animals and tissue sampling
Six	healthy	adult	 sheep	 (Ovis aries)	with	a	weight	 ranging	 from	65	
to	 92	 kg	were	 purchased	 from	 a	 commercial	 farm.	 Animals	 were	
fed	with	hay	ad	libitum	and	200	g	concentrate	per	day	for	at	least	
15	 days	 prior	 to	 the	 experiment.	 The	 concentrate	 supply	was	 di-
vided	 into	 two	equal	portions,	one	 in	 the	morning	and	one	 in	 the	
afternoon.	Water	was	supplied	with	no	restriction.	After	≥15	days	
on	the	controlled	diet,	one	sheep	per	day	was	slaughtered	and	RE	








(MES),	 1	mM	 L-glutamine,	 10	mM	D-glucose,	 100	mM	Na-gluco-
nate,	1	mM	CaCl2	 and	1.25	mM	MgCl2	 (290	mOsm/L)	warmed	 to	
38°C	and	gassed	with	carbogen	(95%	O2	and	5%	CO2).	The	washing	
solution	was	discarded	 and	 the	 tissue	was	bathed	 in	 fresh	 stand-
ard	buffered	solution	(38°C,	carbogen-gassed)	in	which	the	Tunica 
serosa and muscularis	were	manually	stripped	from	the	Tunica mu‐





Epithelial	 samples	 were	 cut	 into	 squares	 with	 circa	 3.5	 cm	 sides.	
These	epithelial	pieces	were	mounted	 in	Ussing	chambers	with	an	
inner	aperture	of	3.14	cm2	as	described	by	Aschenbach	and	Gäbel	
(2000).	 Ussing	 chambers	 were	 connected	 to	 a	 multichannel	 volt-
age-current	clamp	device	(Ing.-Büro	Mussler,	Aachen,	Germany)	via	
platinum	wire	electrodes	for	direct	current	application	and	Ag/AgCl	
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After	an	equilibration	period	of	~45	min,	 the	hormones	GLP-1	
and	 GLP-2	 (Sigma-Aldrich,	 St.	 Louis,	 MO),	 and	 the	 growth	 factor	
EGF	 (Genscript	 Biotechnology;	 Piscataway,	 NJ)	 were	 added	 in	 a	






All	given	concentrations	are	 final	 concentrations	 in	 the	 incubation	
solutions.	Stem	solutions	for	hormones	and	EGF	were	prepared	 in	








2.3 | Fluorescein flux rate monitoring


















Fluorescence	 intensity	 of	 each	 sample	 was	 measured	 in	
96-well	 plates	 for	 fluorescence-based	 assays	 (Thermo-Fischer	
Scientific,	Waltham,	MA)	 in	duplicate	 in	three	dilution	steps	 (un-
diluted,	1	in	10,	and	1	in	100).	Blanks	contained	incubation	solu-
tion	 without	 Na-fluorescein.	 Fluorescence	 measurements	 were	
performed	at	490	nm	(excitation)	and	525	nm	(emission)	using	an	
EnSpire	 Multimode	 Plate	 Reader	 (Perkin	 Elmer,	 Waltham,	 MA).	
The	 total	 amount	 of	 fluorescein	 in	 the	 cold	 solution	was	 calcu-
lated	by	calibrating	the	fluorescence	intensity	of	the	cold	samples	
to	 the	 specific	 fluorescence	 intensity	 of	 the	 hot	 samples	 from	
























titative	PCR	was	 run	 in	 triplicates	on	a	 thermal	 cycler	ViiA7	 (Life	
Technologies,	Carlsbad,	CA).	After	 initial	denaturation	at	95°C	for	
20	s,	a	two-step	protocol	of	40	cycles	at	95°C	for	1	s	and	60°C	for	
20	 s	was	 used	 for	 cDNA	 amplification.	 Each	 384-well	 plate	 con-
tained	 three	 inter-run	 calibrators,	 three	 blank	 controls	 with	 only	




most	 stably	 expressed	 reference	 gene.	 The	 same	 software	 auto-
matically	adjusted	the	Cq	values	of	the	amplification	curves	to	the	
inter-run	calibrator.
2.5 | Protein extraction and Western blot analysis
The	procedures	for	protein	extraction	and	Western	blot	analysis	of	
claudin-1,	 -4,	 -7	 and	occludin	were	performed	 as	 described	previ-







RT-qPCR	were	 analyzed	 using	 a	 one-way	 analysis	 of	 variance.	 If	
analysis	 of	 variance	 indicated	 differences	 among	 time	 points	 or	
treatments,	post-hoc	Holm-Sidak	method	was	used	for	all-pairwise	
comparison.	Data	 are	 reported	 as	 standard	error	of	mean	 (SEM).	
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The	zero	hypothesis	was	considered	disproved	with	p-values	<	.05.	





and	 treatment	 (p	 <	 .01)	with	 significant	 time	 ×	 treatment	 interac-
tion	(p	<	.05;	Table	1).	The	Isc	decreased	over	time	in	all	treatments.	
Thus,	the	interaction	was	primarily	based	on	lower	Isc	values	of	epi-
thelia	 incubated	with	250	nM	GLP-1	or	GLP-2	compared	 to	 those	
incubated	with	25	nM	GLP-1	during	the	second,	 fourth	and	partly	








Fluorescein	 flux	 rates	 of	 epithelia	 were	 affected	 by	 treatment	
and	time	of	incubation	(p	<	.01	each)	with	significant	time	×	treat-
ment	interaction	(p	<	.05;	Table	3).	The	main	effect	of	treatment	




appeared	when	ms	 and	 sm	 flux	 rates	were	 analysed	 separately	




EGF	 either	 on	 the	mucosal	 or	 on	 the	 serosal	 side	 (p	 <	 .05;	 sig-




GLP-treated	 tissues	were	 at	 no	 time	 point	 different	 to	 Control	
(Table	3).

















1 1.31 1.43 1.08 1.28 1.07 1.27 1.31 1.23
2 1.20ab 1.31a 0.88b 1.14ab 0.90b 1.16ab 1.18ab 1.14ab
3 1.08ab 1.17a 0.75b 0.94ab 0.76ab 1.06ab 1.09ab 1.03ab
4 0.99abc 1.08a 0.66bc 0.79abc 0.63c 0.94abc 1.02b 0.93abc
5 0.93 1.00 0.66 0.80 0.63 0.96 1.00 0.97
6 0.87 0.92 0.60 0.72 0.59 0.95 0.96 0.89























1 2.29 2.30 1.98 2.29 1.95 2.26 2.46 2.35
2 2.56 2.61 2.31 2.67 2.28 2.57 2.83 2.66
3 2.77 2.85 2.54 2.94 2.50 2.78 3.11 2.87
4 2.90 3.00 2.73 3.11 2.68 2.89 3.34 2.85
5 3.02 3.15 2.90 3.27 2.80 3.02 3.54 3.01
6 3.13 3.31 3.07 3.42 2.90 3.12 3.75 3.23
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direction.	When	planning	 the	 study,	we	had	assumed	 that	 fluo-
rescein	 as	 an	 established	paracellular	marker	 should	 yield	 com-
parable	flux	rates	 in	either	flux	direction.	Consequently,	we	had	




expression	did	not	mirror	 this	 ‘effect’,	 strongly	argued	against	a	
true	EGF	effect	of	such	magnitude	on	Jfluor.	The	unequal	flux	rates	
of	fluorescein	in	ms	and	sm	direction	can	have	two	causes.	Firstly,	
there	 could	 be	 active	 (transcellular)	 transport	 of	 fluorescein	
across	 the	 ruminal	 epithelium	 in	 ms	 direction.	 Secondly,	 lower	
sm	flux	rates	could	be	a	measuring	artefact	because	fluorescein	
is	 a	weak	 acid	 and	 changes	 from	 the	 divalent	 anion	 (of	 greater	
fluorescence)	to	a	monovalent	anion	(of	lower	fluorescence)	with	
























1 0.52a 0.56a 0.56a 0.53a 0.63a 0.06b 0.07b 0.58a
2 0.78a 0.73a 0.84a 0.70a 0.78a 0.12b 0.10b 0.80a
3 0.74a 0.82a 0.58a 0.70a 0.61a 0.10b 0.12b 0.83a
4 0.51ab 0.75a 0.51ab 0.66a 0.70a 0.11b 0.15b 0.81a
5 0.52ab 0.82a 0.61ab 0.76a 0.60ab 0.17b 0.19b 0.86a
6 0.83a 0.62abc 0.61abc 0.59abc 0.66ab 0.20c 0.22bc 0.94a
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A	great	challenge	of	the	experimental	design	was	to	choose	the	
right	GLP	and	EGF	concentrations.	The	concentrations	of	GLP-1	and	
GLP-2	 in	 blood	 serum	or	 plasma	 of	 ruminants	 are	 typically	 below	
100	 pM,	 where	 they	 are	 increased	 by	 feed	 intake	 (Castro	 et	 al.,	
2016;	McCarthy,	 Faulkner,	Martin,	&	 Flint,	 1992;	 Suominen	 et	 al.,	
1998)	and	further	influenced	by	metabolic	and	reproductive	status	
(Larsen,	 Relling,	 Reynolds,	 &	 Kristensen,	 2010;	Marti,	 Perez,	 Aris,	




in	 the	 guinea-pig	 ileum	 mounted	 in	 Ussing	 chambers	 with	 max-
imum	 responses	 at	 ~100	 nM	 for	GLP-1	 (Baldassano,	Wang,	Mulè,	
&	Wood,	2012)	and	~30	nM	for	GLP-2	(Baldassano,	Liu,	Qu,	Mulè,	
&	Wood,	2009).	Importantly,	those	previous	experiments	observed	
GLP	 effects	 without	 applying	 any	 protease	 inhibitor	 to	 protect	
against	GLP	degradation	by	DDP-4.	 The	 latter	 is	 a	widely	 distrib-
uted	GLP-degrading	enzyme	in	the	intestine	but	apparently	absent	






















adenocarcinoma	cell	 line	were	 influenced	by	EGF	with	 an	EC50	of	
0.25	nM.	Accordingly,	we	chose	concentrations	of	0.25	and	2.5	nM	
for	 our	 ruminal	 permeability	measurements.	 Stability	 appears	 less	
a	concern	for	EGF	compared	with	GLP	because	EGF	is	catabolized	
primarily	through	 internalization	together	with	 its	receptor.	 In	3T3	
cells,	maximal	binding	between	EGF	and	its	receptor	occurred	after	
30–40	min	 incubation	and	decreased	 to	40%	after	6	hr	 (Ahrnonv,	
Pruss,	&	Herschman,	1978).
In	the	present	study,	GLP-1	and	GLP-2	had	subtle	dose-depen-
dent	 effects	 on	 the	 active	 electrogenic	 current	 flow	 (Isc)	 and	 the	
passive	 permeability	 to	 the	 large	 anion	 fluorescein	 (Jfluor)	 across	
the	RE.	The	high-dose	of	either	GLP-1	or	GLP2	was	associated	with	
lower	 values	of	 both	 Isc and Jfluor	 compared	with	 the	 low	dose,	 at	
least,	at	certain	time	points.	Decreasing	effects	of	GLP-1	and	GLP-2	
on Isc	 had	 previously	 been	 observed	 in	 electrical	 field-stimulated	






ing	 paracrine	 signals.	Given	 the	 subtle	 nature	 of	 these	 responses,	
interpretations	should	be	seen	with	care.	Nonetheless,	the	present	
results	appear	to	extend	previous	findings,	suggesting	that	receptors	
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constant	 (Gt)	 contribution	 to	 these	 functional	 barrier	 readouts.	
Nevertheless,	we	 have	 demonstrated	 in	 previous	 studies	 that	 flu-
orescein	 is	 also	 able	 to	use	 the	 transcellular	 route	 for	 permeation	
across	RE,	for	example,	after	an	acid	challenge	(Greco	et	al.,	2018;	




incubation,	despite	 the	 fact	 that	Jfluor	was	changed	 in	 the	 last	 flux	
period	by	either	of	them.
Nonetheless,	the	mRNA	expression	of	TJ	proteins	was	affected	
by	 both	GLP-1	 and	GLP-2.	 The	 incubation	 of	 RE	with	GLP-2	 and,	









Earlier	studies	 from	our	 institute	have	 identified	claudin-7	as	a	
marker	for	the	terminal	differentiation	of	the	RE	that	 is	 induced	in	
cornifying	cells	(Greco	et	al.,	2018;	Stumpff	et	al.,	2011).	Claudin-7	
is	 localized	 in	 the	 stratum corneum	 of	 the	 RE	 and	 acts	 as	 anchor	
between	 the	 cells	 of	 the	 same	 stratum corneum	 and	 between	 the	
cells	of	this	stratum	with	the	cells	of	the	lower	stratum granulosum. 
Connection	by	claudin-7	appears	essential	to	guarantee	continuous	
epithelial	 integrity	under	 intensive	 feeding	conditions	when	corni-
fied	 cells	 start	 to	 balloon.	 Accordingly,	 we	 have	 suggested	 previ-
ously	that	decreased	expression	of	claudin-7	may	predispose	the	RE	

























development	of	 the	EB	 in	 the	 rumen	 in	growing	 ruminants	 (Gorka	
et	al.,	2011)	and	could	possibly	apply	to	feed	adaptation	in	later	life,	
although	 studies	 in	 vivo	 clearly	 indicate	 that	 the	 level	 of	 feeding	




GLP-2	 display	 their	 beneficial	 effects	 on	 intestinal	 epithelia	 most	




ent	 study	apparently	bear	 some	overlap	with	 the	effects	of	 SCFA	















served	 during	 the	 7-hr	 incubation	 period	 and,	 except	 for	 the	 last	













expression	 and	 decreased	 claudin-4	 mRNA	 expression.	 Previous	
studies	had	already	demonstrated	 that	EGF	may	differently	affect	
































































tors	upon	 transition	 to	highly	 fermentable	diets,	our	 results	 suggest	
that	one	cannot	simply	postulate	beneficial	versus	detrimental	effects	
of	the	tested	hormones	and	EGF	on	the	RE	barrier.	Further	studies	are	
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